ABSTRACT Counts of salivary sheaths and salivary flanges have been widely used in studies of feeding behavior and crop damage of pestiferous stink bugs (Hemiptera: Pentatomidae) and other sheathfeeding Hemiptera. While salivary flanges can effectively predict crop damage by stink bugs, previous studies have assumed that food consumption (e.g., ingestion) and preference can also be inferred from flange data. Yet this assumption has remained untested. We investigated the relationship between the number of stink bug salivary flanges and consumption of cotton bolls for two important agricultural pest species: Nezara viridula (L.) and Euschistus servus (Say). We inferred food consumption rates from measures of relative growth rate and excreta quantity. To measure excreta, we quantified the color intensity, or chromaticity, of excreta using digital image analysis. We found a positive relationship between growth rate and the number of flanges for fifth instars of E. servus. However, we found no relationship between growth or excretion and the number of flanges for all stages of N. viridula and for E. servus adults. Our results indicate that counts of salivary flanges should not be used to infer food consumption or preference in studies on N. viridula and E. servus adults, but can be used in studies of E. servus nymphs. Speciesand stage-specific differences in the relationship between consumption and salivary flanges suggests distinct feeding strategies among species and stages; such differences may be potentially important in determining crop damage from pestiferous stink bugs.
Introduction
Among the diverse feeding strategies of the Hemiptera, salivary-sheath feeding appears to be particularly common among the phloem-and seed-feeding herbivorous guilds (Miles 1972) . Although the function of salivary sheaths in feeding remains unclear, their use is common among the Sternorrhyncha, Auchenorrhyncha, and the Pentatomomorpha families of the Heteroptera (Miles 1972 , Morgan et al. 2013 .
For pentatomid stink bug agricultural pests, the number of salivary sheaths and salivary flanges-the gelling saliva deposited and visible on the exterior surface of a food item-are good predictors of the loss of crop yield or quality from stink bug feeding (Bowling 1979 (Bowling , 1980 Viator et al. 1983; Barbour and Bacheler 1990; Bundy et al. 2000) . Damage from stink bug feeding is generally more closely related to the number of stylet probing events (i.e., probe frequency) than the total amount of plant fluids consumed (Kawamoto et al. 1987; sensu stricto Backus 2000) . This may be due to the mechanisms by which stink bug feeding reduces crop yield and quality. Damage is caused through three mechanisms: mechanical damage by probing with their stylets (Depieri and Panizzi 2011) , oxidative damage by the injection of digestive enzymes present in their saliva (Depieri and Panizzi 2011, Peiffer and Felton 2014) , and the introduction of microbial pathogens into the fruiting structure (Hollay et al. 1987; Medrano et al. 2007 Medrano et al. , 2009 ). Thus, the number of salivary sheaths or flanges has been a good predictor of crop damage from stink bug feeding.
Some authors have also used salivary sheaths or flanges of herbivorous pentatomid species to infer feeding activity and preference (Bowling 1979 (Bowling , 1980 Kester et al. 1984; Lye and Story 1988; Simmons and Yeargan 1988; Panizzi et al. 1995) . Such inferences are based on the assumption of a positive relationship between the number of flanges and food consumption. However, the existence of such a relationship in the herbivorous Pentatomidae has remained untested.
Flanges are a record of the number of stylet penetrations or probes, not necessarily the amount of plant biomass consumed or ingested. Further, there is some evidence that the relationship is not a simple one.
Pentatomid-and aphid-resistant crop varieties reduced herbivore development but had no effect on the number of salivary flanges produced (Kester et al. 1984, Ni and Quisenberry 1997) . The coreid bug Clavigralla scutellaris (Westwood) produces consistently fewer salivary deposits inside pea pods than on the exterior surface of the pod (i.e., flange), indicating that food is not ingested from every flange (Mitchell et al. 2004 ). Panizzi et al. (1995) showed a poor relationship between mean number of salivary flanges and feeding duration across nymphal stages of Nezara viridula (L.) and suggested that the relationship between consumption rate and number of flanges depends on an individual's level of starvation. Likewise, in a two-choice preference experiment, Zeilinger (2011) found a positive relationship between time spent on a cotton plant and number of flanges for Euschistus servus (Say) but an inconsistent relationship for N. viridula. Quantifying the relationship between food consumption and flange counts would contribute to a basic understanding of variation in pentatomid feeding strategies, and contribute to pest management by improving measurements of feeding and preference.
In this study, we sought to investigate the relationship between the number of salivary flanges and food consumption or ingestion for two important stink bug pests in southeastern United States: N. viridula and E. servus . As proxies of food consumption rate, we measured relative growth rate and quantity of excreta from stink bug's feeding on cotton and tested for relationships between these variables and the number of flanges. Relative growth rate should be positively related to food consumption rate regardless of the quality of that food item. Growth rates are also relevant to population dynamics of herbivores (O'Connor et al. 2011) . Following Powles et al. (1972) , we also assume that the relationship between excreta quantity-specifically the mass of opaque solutes in excreta-and food consumption rate is positive in stink bugs. While the relationship between excreta quantity and food quality may not always be positive (Stadler et al. 1998 ), a positive relationship between excreta quantity and food consumption rate should be independent of food quality. What's more, cotton is a sufficient food resource to provide consistently positive growth rates and successful reproduction for N. viridula and E. servus Toews 2011, 2012; Zeilinger et al. 2011) . If a clear relationship exists between the number of salivary flanges and food consumption rate, then salivary sheaths and sheath flanges could be valuable indicators not only of stink bug crop damage but also of stink bug food consumption and preference. On the other hand, if no relationship exists, then researchers should not use counts of flanges to make inferences on stink bug consumption or preference.
Materials and Methods
Cotton Plants and Insect Rearing. We investigated the relationship between the number of stink bug salivary flanges and relative growth rates in a field-cage experiment, and the relationship between salivary sheaths and excreta in a laboratory experiment. All work was conducted at the Coastal Plain Experiment Station, U.S. Department of Agriculture--Agricultural Research Service (USDA-ARS), Tifton, GA during the summer of 2008.
In the field, we planted four blocks of transgenic glyphosate-tolerant, non-Bt cotton (variety DP-494RR), with each block planted two weeks apart; the first block was planted on 29 April. Planting date was randomly assigned to blocks. Two blocks were 30 rows by 20 row-meters and two blocks were 24 rows by 20 rowmeters. We used standard cotton production practices as described in Zeilinger et al. (2011) . Laboratory colonies were started from insects collected on early season hosts in spring of 2008 near the Tifton Experiment Station; colonies were maintained as described in Zeilinger et al. (2011) .
Growth Rate Study. To measure stink bug relative growth rate and the number of salivary flanges, we caged a single stink bug on a single, first position, undamaged, developing cotton boll that was 8 d old since flowering in the field. We also noted that selected plants showed no evidence of prior herbivory, indicating little or no induction of plant defensive compounds that may have affected boll quality (Hagenbucher et al. 2013) . Treatments consisted of one of two stink bug species, N. viridula and E. servus, and three age-sex combinations, fifth-instar nymph, adult female, and adult male, in a two-way factorial design (six treatments total). The fifth instars were 1-2 d old since molting from the fourth instar, and adults were 5-6 d since molting. We used fifth-instar nymphs and adults because they feed the most of all stages and cause the greatest amounts of damage to cotton and other crops (Todd 1989 , Greene et al. 1999 . Newly molted fifthinstar nymphs and adults that are 6 d past molting produce the greatest number of salivary flanges within their respective stages (Simmons and Yeargan 1988) . Treatments were randomly assigned to cotton bolls. The duration of the trials varied between 71 and 74 h.
We calculated relative growth rate by measuring the change in mass of each stink bug before and after the trials and standardizing it by the initial mass (Farrar et al. 1989) . Stink bugs were starved for 12 h prior to being weighed. We measured boll diameter (at the widest point), boll length (from base to tip), and counted the number of salivary flanges produced by stink bug feeding. We calculated boll surface area from the boll diameter and length using the equation for the surface area of a prolate spheroid. To aid in counting flanges, we stained the green carpel walls of the bolls in an acid fuschin solution according the methods described in Ni and Quisenberry (1997) and Zeilinger et al. (2011) .
Excreta Study. For the excreta study, treatments consisted of the same stink bug species used in the Growth Rate Study, but only 6-d-old adult females and males were used. Stink bugs were starved 12 h prior to the start of the experiment. At the start, one stink bug was placed in a 125-ml plastic cup with a single boll for 3 d. The stem of the boll protruded from the bottom of the cup through a small hole and was inserted into a piece of soaked florist foam to maintain moisture in the boll. Inside the cup, a circular piece of filter paper (55 mm in diameter; Whatman Ltd., Maidstone, UK) was placed under the boll to collect the excreta of the stink bug. Prior to placing the boll in the cup, the bracts were removed so that all the excreta would drop onto the filter paper. Stink bugs often avoid excreting onto food items (A.R.Z., personal observations), so nearly all of the excreta was collected on the filter papers.
At the start of the laboratory trials, quarter-size bolls were collected from plants in the field plots described above. The bolls were randomly collected from the plots, excluding the first 3 m of edge. During the experiment, the filter paper was changed daily. Excreta appeared as stains on the filter paper (Fig. 1A) . On the 3rd day, the boll was removed from the cup and the filter paper was replaced, with only the stink bug remaining in the cup. After an additional 24 h, the filter paper was collected and the stink bug removed. For each boll, we measured diameter, height, and number of salivary flanges, as described in the Growth Rate Study.
To measure the amount of excreta produced by each stink bug, we digitally scanned all filter papers using an HP Scanjet 4890 (Hewlett-Packard, Palo Alto, CA) with the following specifications: 24-bit color, 300 dpi, with an "unsharp" filter, brightness ¼ À31, contrast ¼ 10, and color saturation ¼ 16. For each scanned filter paper, we converted the RGB (Red, Green, Blue) image to an HSI (Hue, Saturation, Intensity) image. The saturation component of an HSI image provides information, in the range of [0, 1], on the intensity of color, or chromaticity. Saturation values closer to unity represent a higher concentration of dried excreta (more intense color), whereas lower saturation values represent pixels with more white or lack of color (González et al. 2004) . Saturation is linearly related to chromaticity as represented in an RGB color space (Smith 1978) , but unlike the RGB color space, saturation in the HSI color space represents the chromaticity of all color present (González et al. 2004) .
We segmented the saturation component image based on pixel value; values inclusive of 0.03 and 1 represented excreta; values less than 0.03 were filter paper without excreta, the background of the scanner, and other noise. Preliminary studies showed that the lower threshold of 0.03 provided the optimal threshold for selecting signal (excreta) from noise (background; Fig. 1B and C). We calculated mean saturation value by dividing the sum of the saturation of all pixels within the range [0.03, 1] by the number of pixels within that range. Our mean saturation value measurements were similar to the "modified saturation value" measurements of Smith et al. (1995) for secondary metabolite concentrations in plant root hairs. All digital image processing was conducted in MATLAB R2010a (MathWorks, Natick, MA); conversion of RGB to HSI image space was done using the rgb2hsi function (González et al. 2004) .
Calibration of Saturation Value. To understand the relationship between excreta quantity and mean saturation value, we calibrated saturation values using known concentrations of stink bug excreta. We collected excreta from E. servus and N. viridula adults feeding on cotton bolls for three days, air dried the samples, weighed the resulting excreta solutes, and then performed a serial dilution of the solutes in DI (de-ionized) water. We dropped 30 ll of each dilution in a single drop onto clean filter papers, then scanned and analyzed the digital image as described above. For each drop, we calculated mean saturation value and estimated the fit of linear calibration curves between mean saturation value and excreta solute mass. Mean saturation was arcsine-square-root transformed for statistical analysis because it was in the range [0, 1] (Sokal and Rohlf 1981) . Using the coefficients from these calibration curves, we estimated total excreta mass produced by each stink bug.
Statistical Analysis. For the growth rate study, we tested the differences in relative growth rate between species and stage-sex combinations using ANOVA and pair-wise comparisons using Tukey's HSD. We also fit an ANCOVA model with relative growth rate as response variable, the cube root of boll surface area as a covariate, and all interactions between stink bug species, stage-sex combination, and number of salivary flanges. Finally, for each species and stage-sex combination, we investigated relationships between relative growth rate (as response variable) and boll surface area and number of flanges (as explanatory variables) with ordinary least-squares (OLS) multiple linear regressions. Results from robust regression analyses (not shown) supported the OLS regression results. To meet the assumptions of normality and constant error variance, we square-root transformed growth rates and number of flanges. Salivary flange data were scaled to number of flanges d À1 to match the temporal scale of relative growth rate data and to standardize the units of the parameters.
For the excreta study, excreta mass was estimated from calibration curves based on the mean saturation values in stink bug trials. We tested for differences in excreta produced between stink bug species and sexes with Type III ANOVA due an imbalanced design. We fit an ANCOVA model with excreta mass as response variable, the cube root of boll surface area as a covariate, and all interactions between stink bug species, sex, and the number of salivary sheaths. Flange counts and excreta mass were square-root transformed. A generalized linear model with a quasi-Poisson error distribution corroborated the results of the ANCOVA (results not shown). All analyses were conducted in R 3.1.0 (R Core Team 2014). , N ¼ 68). Relative growth rates, however, differed among stage-sex combinations with the highest growth rates found in fifth-instar nymphs (Table 1 ; females¼ 0.12 6 0.03, N ¼ 47; males ¼ 0.08 6 0.02, N ¼ 43; fifth-instar nymphs ¼ 0.38 6 0.03, N ¼ 47). The number of salivary flanges differed between species, with a greater number of sheaths produced by N. viridula (F 1,123 ¼ 11.45, P ¼ 0.001; E. servus ¼ 33.54 6 6.00; N. viridula ¼ 49.04 6 5.58). Fifth-instar nymphs of both species produced significantly more flanges than adult females and males (F 2, 123 ¼ 13.48, P < 0.001; females ¼ 17.77 6 2.81; males ¼ 24.29 6 3.61; fifthinstar nymphs ¼ 40.52 6 5.16); no difference was found between males and females (Tukey's HSD, P ¼ 0.101).
Results

Growth
Over all species and stage-sex combinations, there was a significant positive relationship between the number of flanges and relative growth rate (Table 1) . This relationship did not differ significantly by species or stage-sex, although the interaction of species by stage-sex was nearly significant. However, least-squares regression indicated that variation in the number of flanges explained a significant portion of variation in relative growth rates only for E. servus nymphs (Fig.  2) . In this case, relative growth rate was positively related to the number of flanges.
Excreta Study. Calibration curves relating excreta mass to mean saturation value indicated a linear relationship that differed between the two stink bug species (Fig. 3) . Using the linear model coefficients from these calibration curves, we estimated excreta mass produced in each stink bug trial. Excreta produced by E. servus was significantly greater than that produced by N. viridula (Table 2 ; E. servus: 0.686 0.04 mg, N ¼ 37; N. viridula: 0.53 6 0.11 mg, N ¼ 27), whereas there was no difference in excreta produced between sexes ( In addition, excreta mass did not explain a significant portion of the variation in the number of flanges for any species-sex combination (Table 2; Fig. 4 ).
Discussion
Salivary flange data have been used often to make inferences on the feeding behavior of herbivorous pentatomids. However, the relationship between the number of salivary flanges and food consumption or ingestion has remained unresolved. To contribute to an understanding of what can be inferred from stink bug salivary flange data, we sought to relate variation in the number of flanges to variation in growth rates and quantity of excreta, both used as indicators of food consumption. Relative growth rates should be partly influenced by food consumption rates and are relevant to population dynamics of herbivores (O'Connor et al. 2011 ). Likewise, rates of defecation should be partly influenced by food consumption (Powles et al. 1972) . While excreta quantity in herbivorous hemipterans can be dependent on developmental stage and food quality (Stadler et al. 1998) , we controlled for both variables in our study.
In the first study, E. servus had greater relative growth rates whereas N. viridula produced more salivary flanges, which corroborates our earlier results ). Fifth-instar nymphs of both df, degrees of freedom; SS, sum of squares; MS, mean square. Sheaths and relative growth rate were square-root transformed; boll surface area was cube-root transformed, according to Box-Cox transformation.
The Stage-sex effect included three levels: adult males, adult females, and fifth-instar nymphs.
*P < 0.05; ***P < 0.001.
species had higher growth rates and produced more flanges than adults. Greene et al. (1999) found that fifth-instar N. viridula caused more damage to cotton bolls than adults. We found a significant, positive relationship between growth rate and the number of flanges only for E. servus fifth-instar nymphs. The lack of a relationship for adults may have been due to their very low growth rates. At the same time, we found no relationship between relative growth rates and the number of flanges for N. viridula nymphs even though they had greater growth rates than conspecific adults. We also investigated the relationship between salivary flanges and food consumption using excreta, in part, because variation in relative growth rates of adult stink bugs was small. Specifically, we assumed that the quantity of solutes in stink bug excreta should be positively Fig. 3 . Calibration curves of stink bug excreta solute mass with mean saturation value. The relationship between excreta mass and mean saturation was approximately linear for E. servus (triangles, dashed line) and N. viridula (circles, solid line). *P < 0.05, ***P < 0.001. related to food consumption. We estimated the quantity of excreted solutes using mean saturation value from digital image analysis. Saturation values measure the intensity of color-or chromaticity-within a digital image (Smith 1978) . Our calibration curves showed that this was a reliable and linear measure of excreted solute quantity. Importantly, this measure ignores the volume of water in excreta. Because N. viridula and E. servus are cell-rupture feeders, as are most herbivorous pentatomids, their excreta should be more color saturated than phloem or xylem feeders. Excreta mass was greater for E. servus than for N. viridula, whereas there were no differences in the number of salivary flanges between species. That E. servus had greater growth rates and excreta mass than N. viridula suggests that they may have greater food consumption rates. Nonetheless, we found no relationship between excreta mass and the number of flanges for either species or sex.
Our two experiments differed markedly in the patterns of feeding behavior described. Relative growth rates differed between stage-sex combinations whereas excreta mass did not, although this is likely due to the inclusion of fifth-instar nymphs in the growth rate experiment. At the same time, excreta mass differed between species whereas relative growth rate did not. Excreta may be an effective measure of consumption rate where growth rates are low (i.e., adult insects) and directly measuring food consumption is difficult (i.e., piercing-sucking insects). Both species produced more flanges in the excreta study than in the growth rate study. Because stink bugs in the excreta study fed on bolls removed from plants, it is possible that these bolls were of lower quality than bolls remaining on the plant, thereby resulting in increased probing behavior of both species.
Previous authors have used the number of salivary flanges to infer food consumption and feeding preference (Bowling 1980 , Kester et al. 1984 , Lye and Story 1988 , Simmons and Yeargan 1988 , Panizzi et al. 1995 . In the present study, we were unable to find a relationship between the number of flanges and food consumption for three stages of N. viridula and for adult E. servus, using two different measures of consumption. In an earlier feeding preference study, we also found that the relationship between N. viridula tenure time on cotton boll choices and the number of flanges was inconsistent; in some cases the relationship was positive whereas in other cases no relationship existed (Zeilinger 2011) . Based on these results, the number of salivary flanges should not be used to infer food consumption or feeding preference for N. viridula.
While we found no relationship between food consumption rate and salivary flanges for N. viridula and E. servus adults, we found a positive relationship for E. servus nymphs. Previous work has highlighted differences in the feeding behavior of these two species and other related species. Zeilinger et al. (2011) found that E. servus growth rates were reduced by caterpillar damage on cotton plants whereas N. viridula growth rates were mostly unaffected. In contrast, caterpillar damage reduced the number of flanges from N. viridula while it had no effect on flange counts from E. servus. Thus, E. servus may have responded to caterpillar damage by consuming less, whereas consumption by N. viridula may not have changed, as they may have consumed the same amount of plant fluids from fewer feeding holes. Depieri and Panizzi (2011) studied the feeding activity of N. viridula and Euschistus heros (F.) on soybeans in Brazil. They found that N. viridula spent more time feeding and penetrated deeper into seed tissue than E. heros. Moreover, the relationship between feeding duration and soybean damage differed between the two species. Importantly, Depieri and Panizzi (2011) showed diverse feeding behaviors among four different herbivorous stink bug species. Based on the available evidence, it appears that N. viridula tends to feed for longer periods of time within each feeding puncture relative to E. servus. Potentially contradictory evidence, on the other hand, suggests that N. viridula also tends to show greater movement among cotton bolls compared with E. servus (Zeilinger 2011, Huang and . Regardless, differences in movement and feeding behavior indicate that the per capita damage to crop plants may also differ between these species and among herbivorous stink bug species more generally (Depieri and Panizzi 2011) .
Further work will be needed to understand whether our results for E. servus nymphs-with a positive relationship between growth rates and salivary flanges-or our results for N. viridula-with no relationship-is the more general case for pentatomids and other sheath-feeding Hemiptera. Further work will also be needed to investigate potential effects of different host plants and food quality on the consumption-sheath relationship. In the meantime, salivary flange data collected from E. servus nymphs can be used to predict food consumption but should not be used to make inferences on N. viridula feeding; data from other pentatomids should be interpreted with care.
